ABSTRACT: Between autumn 2003 and summer 2004, the icebreaker CCGS 'Amundsen' occupied a station in Franklin Bay, Beaufort Sea. Two microcosm experiments were carried out in spring, while the water column was covered by sea ice, to test whether phytoplankton assemblages sampled from ice-covered (spring) surface waters would be able to bloom when exposed to increased light and to what extent this bloom would be limited by light or nutrients. Two additional experiments were carried out during a sea-ice free period in summer. For the spring experiments (April 2004), surface water collected through an ice hole was distributed into 10 l Nalgene bottles and subjected to different photosynthetically available radiation (PAR; 5 to 60 µmol photons m -2 s -1
INTRODUCTION
A key ecological feature of polar marine environments is their strong seasonality. Phytoplankton at high latitudes experience long periods of alternating dark and light conditions. Another important ecological feature is the presence of sea ice during a large part of the year. Some observations indicate low phytoplankton biomass (Rysgaard et al. 1999 ) and limited bacterial metabolic activity during the winter period (Anderson & Rivkin 2001) . However, recent research has suggested that the microbial food web can remain highly dynamic in winter (Anderson & Rivkin 2001 , Wells & Deming 2006 , Sala et al. 2008 .
Information on planktonic community structure during the Arctic winter is sparse. During this period, phytoplankton appear to be mainly represented by flagellates (Horner & Schrader 1982) , particularly by picoeukaryotes of the genus Micromonas and unidentified haptophytes (Lovejoy et al. 2007 ), although phytoplankton from other groups, including diatoms and pigmented dinoflagellates, can also be found . As in other marine areas, seasonal blooms develop when increased insolation and vertical stratification allow a net positive algal growth. In general, microalgae proliferate in spring, starting with the under-ice communities and continuing with those of the water column, when the ice breaks up in spring/early summer , Wang et al. 2005 . Diatoms are major contributors to the spring bloom in many Arctic regions, including that in the Beaufort Sea (Hsiao et al. 1977 , Longhurst 1998 , von Quillfeldt 2000 , Booth et al. 2002 , Lovejoy et al. 2002 , Hill et al. 2005 , but other taxa (e.g. Phaeocystis) may reach high abundance in some areas (Gradinger & Baumann 1991 . At certain times of the year, Micromonas and other flagellates may also be important , Lovejoy et al. 2007 ).
Initiation of phytoplankton growth after the winter period in the central Arctic Ocean appears to follow increased insolation due to melting of snow and sea ice (Horner & Schrader 1982) , although the concomitant increase in surface temperature and the release of ice algae into the water column may confound the relationships between the timing of phytoplankton growth and light conditions (Tremblay et al. 2006) . Thereafter, phytoplankton development leads to macronutrient depletion that limits further growth (Gradinger & Baumann 1991 , Carmack et al. 2004 . Another interesting feature of polar blooms is the possible departure of their carbon (C) yield with respect to inorganic nutrients from Redfield stoichiometry (Tremblay et al. 2006) due to processes like the uptake or release of dissolved organic nitrogen (DON) by phytoplankton (Kattner & Becker 1991 , Hu & Smith 1998 .
As part of the Canadian Arctic Shelf Exchange Study (CASES), the CCGS 'Amundsen' was frozen into the ice in Franklin Bay (Beaufort Sea) during fall 2003, remained there until ice melting the following spring, and sampled the same region until summer 2004. This strategy afforded the opportunity to investigate temporal variations in phytoplankton response to forcing factors such as light or nutrient availability. In the present experimental study, we examined (1) whether phytoplankton cells sampled from ice-covered (spring) surface waters would be able to bloom when exposed to increased light, and (2) to what extent the growth of phytoplankton communities from ice-covered (spring) waters would be limited by light or nutrients. We also aimed to characterise the composition of the resulting phytoplankton assemblages and the changes in the concentrations of heterotrophic protists, as well as check whether the changes in inorganic nutrients and particulate organic matter followed classical Redfield stoichiometry. Additional experiments were carried out during summer to compare the response of the main microalgal groups and the stoichiometric changes after enclosure of communities from ice-free waters (summer) of the same area with those found in spring, and to verify whether the summer results were similar to those of enclosure experiments in temperate regions. In order to address these topics, we designed a series of microcosm experiments that were carried out on board the 'Amundsen' between April 2003 and August 2004 during legs 6, 8 and 9 of the CASES project. Our objectives were partly similar to those of Terrado et al. (2008) , who carried out experiments during leg 6 of the project to determine the importance of light exposure and nutrients in controlling microbial dynamics during spring. However, the scope of both sets of experiments was different, as Terrado et al. (2008) emphasised the nutrient treatments and the changes between the initial and final communities, while our experiments included different light levels and aimed to characterise temporal changes in the main phytoplankton taxa. Titicaca ice hole, located in the vicinity of the ship (spring experiments, E-spring1 and E-spring2), or from the sea surface (summer experiments, E-summer1 and E-summer2). The water was distributed (after prefiltration through a 200 µm mesh net in E-spring2 and without prefiltration in the others) into 6 (E-spring1 and E-summer1) or 3 (E-spring2 and E-summer2) 10 l Nalgene bottles, which were placed in a chamber with controlled temperature close to that in situ (0°C in spring and surface water temperature, 4°C in Esummer1 and 3°C in E-summer2). During the spring leg, the Titicaca ice hole was permanently open, although a thin layer of surface water froze between samplings. We avoided touching the ice during sampling but cannot discount the possibility that some of the microalgae collected had previously been growing on the ice bottom; however, their influence must have been small, since Terrado et al. (2008) found similar autotrophic communities in samples taken from 10 m water depth through an opening from inside the ship. The prefiltration step in E-spring2 was adopted after observing an initial chlorophyll a (chl a) decrease in Espring1, to avoid the potential effect of grazing by large zooplankton. As E-spring2 also showed an initial chl a decline, prefiltration was no longer used in further experiments. Light and nutrient treatments. The bottles were illuminated with 3 pairs (1 Cool light + 1 Gro-Lux) of fluorescent tubes. Lower light levels were obtained by covering the bottles with one or more layers of black gauze. Nutrients (nitrate, phosphate, silicate and a metal mix) were added to some of the bottles in experiments E-spring1, E-summer1 and E-summer2, to check for potential nutrient limitation. Details about light and nutrient treatments for each experiment are given below and summarized in . A solution of metals was also added at the same ratio of nitrate:metals as in the f/2 medium of Guillard & Ryther (1962) . The third bottle of each of the L60 and L30 sets was left unmodified as a control (L60_C and L30_C, respectively). Final samples were taken from the 3 L60 bottles on Day 9. At this time, the L30 bottles were left unmodified but the light period was extended to last from 4:30 to 23:30 h. E-spring2: Only the light gradient was manipulated. Three bottles were covered with black gauze to set the incident illumination to 17 (bottle L17), 10 (bottle L10) and 5 to 6 µmol photons m -2 s -1 (bottle L5), between 4:30 and 23:30 h. The bottles were kept in the dark during the remaining time. No nutrients were added. . A proportional amount of a metal solution according to the f/2 medium of Guillard & Ryther (1962) was also added (see 'Materials and methods' for details). PAR: photosynthetically available radiation E-summer1: Two light and 2 nutrient levels were tested. This experiment was intended to repeat the light and nutrient treatments of E-spring1. However, due to the loss of some samples, only 3 of the bottles could be used. Two of these bottles (L60_Na and L60_Nb) received nutrients as those in E-spring1 and were exposed to an irradiance of 60 µmol photons m -2 s -1
MATERIALS AND METHODS

Experimental
. The other bottle (L30_C) did not receive nutrients and was incubated under 30 µmol photons m -2 s -1
. The light period for all bottles lasted from 4:30 to 23:30 h. After 15 d, final samples were taken from the 2 L60 bottles, while the L30_C bottle was left for 12 additional days. E-summer2: One light and 2 nutrient levels were tested. Three bottles were covered with a single layer of black gauze, but due to a change in their location with respect to the lights, they received ~20 instead of 30 µmol photons m -2 s -1 as in the L30 bottles of previous experiments. Therefore, the light treatment in this experiment was referred to as L20. Two of the bottles received nutrient additions as in E-spring1.
Sampling strategy. Samples for the measurement of major nutrients (nitrate, nitrite, ammonium, phosphate and silicate) and particulate organic carbon (POC), nitrogen (PON) and phosphorus (POP) concentrations were taken at the beginning and at the end of the experiments and preserved frozen until analysis after the cruise. Samples for the determination of chl a, picoeukaryotes (by flow cytometry), nanoflagellates (by epifluorescence microscopy) and phytoplankton (by inverted light microscopy) were taken every other day, but microscopic examinations were only carried out for a selected subset of samples from E-summer1 and E-summer2.
Analytical techniques. Nitrate, nitrite, ammonium, phosphate and silicate concentrations were determined using an Alliance Evolution II autoanalyser, following the methods of Grasshoff et al. (1999) . Samples for POC, PON and POP analyses were immediately filtered through precombusted (450°C, 2 h) Whatman GF/F filters. POC and PON were analysed in a CarloErba CHN analyser after thawing the filters in an atmosphere of HCl fumes to remove carbonate followed by drying at 60°C. POP was determined spectrophotometrically following oxidation of the filter in acidic persulfate at 120°C for 0.5 h and subsequent analysis of dissolved phosphate (Grasshoff et al. 1999 , Vidal & Duarte 2000 . For chl a measurement (Yentsch & Menzel 1963) , 175 to 200 ml of water was filtered through Whatman GF/F filters, which were then placed in 90% acetone and stored in the dark in a refrigerator (4°C) for 24 h to allow extraction. Fluorescence of the extracts was measured on board with a Turner Designs fluorometer.
Samples for flow cytometric counts (1.8 ml of water) were fixed with 180 µl of 1% paraformaldehyde + 0.05% glutaraldehyde (final concentrations), deep frozen in liquid nitrogen and stored at -80°C. For analysis, the samples were thawed and liquid subsamples of 200 µl were drawn. To determine red fluorescent autotrophic 'picoeukaryotes' (size range 1.5-5 µm, but mostly between 2-2.5 µm), the unstained subsamples were processed in a FacsCalibur (Becton Dickinson) flow cytometer equipped with a laser emitting at 488 nm. Fluorescent 0.96 µm beads (Polysciences) of known density were added as internal standard. For enumeration of flagellates (hereafter 'nanoflagellates'), 50 ml of water was fixed with 10% glutaraldehyde (0.5% final concentration), filtered through 0.8 µm pore size Nuclepore black polycarbonate filters and stained with DAPI (1 µg l -1 final concentration). The filters were then placed on glass slides with a drop of oil and a coverslip and stored frozen at -20°C until analysis.
Autotrophic and heterotrophic nanoflagellates were counted with an epifluorescence microscope (Porter & Feig 1980 ) and sorted into several major taxa and size classes. In the case of autotrophic (or phototrophic) flagellates, the lowest of these size classes (2-5 µm) may present a variable overlap with the picoeukaryotes (hereafter 'autotrophic picoflagellates') determined by flow cytometry. In some samples, underestimation of cell concentrations might have occurred, particularly in the smallest size categories, due to fading of DAPI or chl a fluorescence in the preparations. Phytoplankton samples (50 ml) were preserved with a formalin-hexamine solution (0.4% final concentration, Throndsen 1978) . Cell counts of phytoplankton were obtained with an inverted microscope (Utermöhl 1958 ) using 50 ml sedimentation chambers. One transect of the bottom of the chamber was scanned at high magnification (600 ×) to count the most abundant forms. An additional transect and the whole chamber bottom were examined at 125 × to count larger and rarer organisms.
RESULTS
Community dynamics
In E-spring1, chl a concentrations in all L60 and L30 bottles showed an initial decrease that lasted throughout the experiment (Fig. 1a) . The rate of decrease was lower in the L30 bottles that were exposed to the lower irradiance than in the L60 bottles. While the L60 bottles were processed on Day 9, the L30 bottles were incubated further; here, the decrease in chl a concentrations continued until Day 15, after which chl a started to increase exponentially. No significant differences in chl a were found between nutrient treatments during the first 15 d. Afterwards, chl a concentration became clearly higher in the nutrientenriched L30 bottles than in the control, although there were no apparent differences in the rate of chl a increase. The populations of autotrophic picoflagellates and of auto-and heterotrophic nanoflagellates decreased after enclosure in all bottles (Fig. 2, L60 and L30; Fig. 3, L30) . The initial autotrophic community comprised small flagellates in the 2-5 µm size range, probably dominated by Micromonas sp. with an important contribution from haptophytes (~3 to 4 µm in diameter). The haptophypes rapidly lost their chloroplast fluorescence, especially in the L60 bottles. In the L60 treatment, the autotrophic picoflagellates disappeared from the experimental vessels after 5 d (Fig. 2) while the nanoflagellates showed a short-lived peak around Days 3 to 7 (M. Estrada et al. unpubl. data) . In the L30 bottles, the autotrophic picoflagellates and the different size classes of autotrophic nanoflagellates showed marked oscillations during the experiment (Figs. 2 & 3 ), which ended with high concentrations of the smaller size groups. When chl a started to increase after the first 2 wk of the experiment, the autotrophic assemblage (Fig. 3) consisted mainly of small pico-and nanoflagellates (<10 µm in diameter), including an exponentially increasing number of Pyramimonas sp. (~8 to 9 µm in length).
Only a few scattered pennate diatoms could be seen in some samples.
In the 3 bottles of E-spring2 (Fig. 1b) , chl a also decreased during the first 5 to 9 d at a rate comparable to that of the previous L30 series of E-spring1. Thereafter, chl a started to increase in the L17 and L10 bottles but remained approximately constant in the L5 bottles. Chl a concentration peaked on Day 17 in the L10 bottles, but continued to increase until the end of the experiment in the L17 treatments. The autotrophic picoflagellates (Fig. 2) increased shortly after enclosure and reached a maximum on Day 19, with highest concentrations in the L17 and lowest in the L5 treatments. The changes in the nanoflagellate population were similar to those described for comparable phases of the control L30 bottle of E-spring1. There was an initial decrease in heterotrophic nanoflagellates (Fig. 2d ) and in some categories of phototrophic nanoflagellates (Fig. 4) , followed by cell density fluctuations and a marked increase in heterotrophic nanoflagellates towards the last days of the experiment. In the L17 treatment, the concentrations of 2-5 and 5-10 µm autotrophic nanoflagellates also showed a marked peak at the end of the experiment, but the abundance of Pyramimonas sp. remained relatively low (Fig. 4d) .
As in E-spring1, pennate diatom cells were observed in some of the samples. Table 2 Chl a concentration increased immediately after enclosure in all bottles of E-summer1 (Fig. 1c) . In the L60_N bottles, chl a peaked around maximum values of 40 to 50 mg m -3 and started to decrease slowly until processing on Day 15. In the L30_C bottle, chl a increased exponentially at a relatively faster rate during the first 4 d and at a more variable and slower rate thereafter, reaching 20 mg m -3 at the end of the experiment. The rate of increase was stronger in the L60_N bottles than in the L30_C one, which had not received nutrients and was exposed to a lower irradiance. Autotrophic picoflagellates (Fig. 5a ) peaked between Days 8 and 12 in the L60_N bottles, but showed only a small increase at the end of the experiment in the L_30 treatment. Nanoflagellates of 2-5 µm size, mostly composed of Micromonas sp., peaked around 4 d after enclosure in all bottles (Fig. 6 ) and were followed by haptophytes, Chaetoceros spp. and forms of the Thalassiosira/Porosira complex in the L60_N treatment (Fig. 6) . The L30_C bottle also showed a 2-5 µm nanoflagellate maximum, but the diatom population peaked at much lower concentrations, probably due to exhaustion of nutrients and lower irradiance as well as the presence of a thecate amoeba similar to Difflugia (hereafter Difflugia sp.?) presumably feeding on the diatoms, as Thalassiosira/Porosira cells were seen inside many of the amoebae. In all bottles, heterotrophic nanoflagellates increased steadily throughout the experiment (Fig. 5a) .
In E-summer2, chl a increased exponentially at a faster rate in the nutrient-enriched (L20_N) bottles than in the control (L20_C) after a short lag phase (Fig. 1d) . The experiment had to be terminated before the end of the exponential phase in the L20_N bottles. The evolution of phytoplankton (Figs. 5b & 7) was similar to that in E-summer1, with a rapid increase in autotrophic picoflagellates and 2-5 µm nanoflagellates (mostly Micromonas spp.), and the development of a diatom population dominated by Chaetoceros spp. and Thalassiosira/Porosira. In contrast to E-summer1, heterotrophic flagellates varied little over the course of the experiment (Fig. 5) .
Nutrient stoichiometry
A summary of the measurements of initial and final chl a, dissolved inorganic nitrogen (DIN = nitrate + nitrite + ammonium), POC, PON and POP concentra- Table 2 tions in the different experiments is given in Table 3 . Only 3 of the treatments (L60_N of E-spring1 and Esummer1, and L20_C of E-summer2) showed apparent consumption of DIN. The rest of the treatments had final DIN concentrations that were 0.1 to 2.41 mmol m -3 higher than the initial concentration. This apparent lack of utilisation was also found for phosphate (M. Estrada et al. unpubl. data 
DISCUSSION
In the spring experiments, enclosure and provision of light to under-ice phytoplankton resulted in drastic changes in the composition of the community. The highest PAR level used in E-spring1 (60 µmol photons m -2 s -1
) induced a decline in chl a concentrations and population densities of the autotrophic picoand nanoflagellates that dominated the initial assemblage (mainly haptophytes and flagellates in the 2-5 µm size range, most of the latter possibly Micromonas sp.). A less marked initial decrease in chl a and flagellate concentrations also occurred in the L30 treatment of E-spring1 and the L5, L10 and L17 treatments of E-spring2 (5, 10 and 17 µmol photons m ) fell within the range of optimal irradiances (the PAR at which the maximum rate of photosynthesis is observed) reported by Cota & Smith (1991) for short-term experiments with ice algae and polar phytoplankton. Strong photoinhibition from these PAR levels was not anticipated, but examination by epifluorescence microscopy of samples taken during the first days after enclosure (M. Estrada pers. obs.) showed a strong decline of chloroplast fluorescence in some autotrophic taxa (especially in small haptophytes), suggesting potentially deleterious effects of the light levels used on strongly shade-adapted organisms (Ban et al. 2006) . Presumably, dark survival of haptophytes and other under-ice microalgae endowed with prominent chloroplasts may have been aided by mixotrophy (Jones et al. 1994) , which may include osmotrophy (uptake of dissolved organic matter) or phagotrophy (engulfment of organic particles). Mixotrophy is common in marine and freshwater phytoplankton and numerous studies (many of them in continental waters) highlight their importance in polar environments (Horner & Alexander 1972 , LaybournParry & Marshall 2004 . Table 2 The initial chl a decrease in the spring experiments was partly due to autotrophic cell losses, as shown by the drop in pico-and nanoflagellates between Days 0 and 3 in E-spring1 and in the 2-5 µm nanoflagellate category in E-spring2. Part of this decline may also be due to underestimation of autotrophic cells in the epifluorescence counts resulting from a low chl a fluorescence per cell, although the coincident decreases in heterotrophic protists suggest the occurrence of some initial cell mortality. Rough calculations of chl a content per biovolume (chl a/biovol), taking the sum of autotrophic pico-and nanoflagellate biovolumes as total biovolume (as estimated in Terrado et al. 2008) , indicate that cell decline between Days 0 and 1 of the L60 and L30 treatments of E-spring1 was accompanied by an average increase of chl a/biovol of ~5 to 16-21 pg mm -3 . This observation supports a dominant contribution of autotrophic cell loss, as the chl a/biovol would have decreased as a result of photoacclimation to higher PAR than that experienced in situ. Over the next 4 d, average chl a/biovol went steadily down to ~6 pg mm -3 in the L60 and 11 pg mm -3 in the L30 treatments of Espring1, with the lower values for L60 suggesting a photoacclimation effect. In Espring2, chl a/biovol increased from 20 pg mm -3 to 21-32 pg mm -3 between Days 0 and 1, suggesting a moderate effect of cell mortality rather than photoacclimation in the initial chl a reduction. From Days 1 to 5, chl a/biovol increased to 29 pg mm -3 in the L17 and decreased to 21 and 15 pg mm -3 , respectively, in the L10 and the L5 -a pattern of variability inconsistent with an effect of the irradiance level on photoacclimation. In later phases of both spring experiments, chl a/biovol (data not shown) showed wide fluctuations presumably due to a combination of photoacclimation and changes in the dominant organisms. Similar conclusions could be reached from the changes in chl a/ cell (data not shown). However, the interpretation of the chl a/biovol or chl a/cell variability must be taken with caution, not only due to the range of cell sizes or to possible inaccuracies in the calculation of biovolume, but also because of changes in physiological condition and taxonomic composition that were occurring in the microcosms.
Due to logistic constraints, we did not have a treatment with irradiances similar to those received by under-ice communities in situ (~0.5 µmol photons m -2 s -1
). However, the similarity of the initial changes for the lowest PAR levels (L17, L10 and L5 of E-spring2), and the finding that heterotrophic flagellates also showed an initial decrease (Fig. 2c,d) suggest that, in addition to light, enclosure itself may have also affected the initial community of Table 2 the spring experiments. During sampling of the initial inoculum, all manipulations were carried out with care to minimize temperature changes and avoid exposure to environmental light. However, as with all incubations, enclosure of the planktonic community may have affected a variety of other factors in addition to the variables manipulated in the treatments (PAR or major nutrient concentrations). These other factors may include exchanges of materials and the occurrence of certain predators (like relatively large zooplankters), which not only consume smaller grazers and phytoplankton cells but also release metabolites. The results of the second spring experiment (Espring2), which showed sustained chl a increase and highest cell abundances in the bottles exposed to 17 µmol photons m would be close to the irradiance at which gross primary production equalled community losses in the experimental bottles. Although this value applies to the flagellate-dominated community that grew in our bottles, it falls within the range for diatom-dominated assemblages of 0.75 and 1. treatment of E-spring2. The discrepancy could partly be due to differences in the spectral output between the PAM fluorometer and the light sources used in our experiments. The Phyto-PAM uses LEDs that generate pulsed light at wavelengths of 470 (blue), 520 (green), 645 (light red) and 665 nm (dark red). According to the Phyto-PAM manual (Anonymous 2003), the higher absorption in red light compared to white light makes this arrangement ~20% more effective than white light sources. Ban et al. (2006) also reported that photoinhibition in their samples was only observed above 30 µmol photons m -2 s -1 . Our results are in basic agreement with those of Terrado et al. (2008) , who found that the phototrophic increase of incubated under-ice communities was responsive to improved irradiance conditions but not to nutrient enrichment. However, unlike the present study, Terrado et al. (2008) did not report an initial biomass (biovolume) decrease, probably due to the fact that these authors started sampling their cultures 4 d after water collection, when most of the cell number decline had already occurred. Another discrepancy with respect to our spring results is the increase in diatom biomass in Terrado et al. (2008) , although bloom concentrations were not reached. However, most of their diatoms were colonies of Nitzschia spp., which are typical ice diatoms but are not prominent in the late-spring bloom in the region. Terrado et al. started their experiment on 23 April, only a few days after our E-spring1 and E-spring2 experiments, but community changes were occurring rapidly at this time; thus, it is possible that variation in the initial inoculum, together with differences in the light treatment and experimental setup, could have contributed to the disparity in ice-diatom response. Prefiltration through a 200 µm mesh could have decreased the contribution of relatively large diatoms to the inoculum of E-spring2, but this is unlikely to be the main cause of the lack of diatom growth in our experiments, because the results of the L17 (light-sufficient) treatment of Espring2 were comparable to those of the L30 treatment of E-spring1, in which prefiltration was not used. Other reasons for the lack of growth of planktonic diatoms in our experiments are discussed below.
Prasinophytes like Micromonas spp. have been found repeatedly in ice and water column microalgal assemblages , Lovejoy et al. 2007 . Pyramimonas spp. have also been found in these communities in the region (Róża?ska et al. 2008 ), but they were not as dominant as the relatively large (8 to 9 µm) Pyramimonas sp. that grew at the end of the spring experiments. Proliferation of the latter might be explained by its relatively large size and the lack of adequate protist predators in the experimental bottles. Although several species of pennate diatoms, like Nitzschia frigida and Navicula pelagica, were abundant in the ice (M. Estrada pers. obs.) and could be found in the under-ice waters used as inoculum in spring, these diatoms did not thrive in the experimental bottles. This was also the case with Chaetoceros spp. and Thalassiosira/Porosira, but these were only present at low concentrations in net samples from spring under-ice water. The phytoplankton assemblage, dominated by Pyramimonas sp. and other flagellates, growing at the end of the spring experiments was different from that found at about this time (5 May) in Bathurst Polynya, which showed a rich diatom community with high abundance of the Thalassiosira/Porosira complex and Chaetoceros spp. (M. Estrada pers. obs.). The growth failure of these diatoms in the spring experiments could be due to their initial concentrations being too low to generate a viable population. This low diatom abundance may also explain the difference between our results and those of Wetz et al. (2004) , who reported diatom blooms in experiments carried out on shipboard incubators with phytoplank-ton collected from the benthic boundary layer (80 m depth) off Oregon. Diatom growth in our experiments might have also been hindered by other endogenous or exogenous factors. Eilertsen et al. (1995) reported that germination and perhaps also subsequent growth of resting spores of typical spring bloom diatoms (including Chaetoceros spp. and Thalassiosira spp.) from 2 fjords near Tromsø (Norway) were controlled by photoperiod. These authors found that some species failed to grow when exposed to low light levels (2 µmol photons m -2 s -1 ) or to daylengths shorter than 13 h. However, these daylength limits were exceeded after the first 9 d in E-spring1 and in E-spring2 (where at least the higher light level should have been sufficient). It is also possible that proliferation of the centric diatoms typical of open-water spring blooms depends on ice breakup and subsequent mixing of the water column that causes resuspension of resting forms from the sediments and their entrainment into the photic zone.
In contrast with the spring experiments, phytoplankton in the summer setup grew immediately after enclosure. The dominant phytoplankton taxa in our summer experiments were the Thalassiosira/Porosira complex and Chaetoceros spp., which were also dominant in the Bathurst Polynya samples mentioned above and have been reported as major components of the spring bloom in the Chukchi Sea (Hill et al. 2005) and in other Arctic regions (von Quillfeldt 2000) . As in the spring experiments, the coincidence of the increase in heterotrophic with the decrease in autotrophic flagellates (compare Fig. 5c with Fig. 5a ) suggested a predatorprey relationship. The thecate amoeba (Difflugia sp.?) that grew in the L_30C bottle of E-summer1 (Fig. 6f ) appeared to have dramatically controlled the autotrophic populations, although it is difficult to extrapolate this observation to natural conditions.
Our results are in agreement with the findings of , Carmack et al. (2004) and Tremblay et al. (2006) , who indicated that phytoplankton growth was light-limited in early spring and nutrient-limited thereafter. Nutrient addition in the first spring experiment had only a limited effect on phytoplankton growth within the range of phytoplankton biomass produced in this experiment. After Day 15, chl a concentration in E-spring1 was somewhat higher in the L30_N bottles than in the control (L30_C) but the rate of increase in chl a concentration was similar for all bottles and the experiment had to be terminated while the phytoplankton community was still growing exponentially. The situation was very different in summer, when phytoplankton growth in the control bottles slowed down soon after the beginning of the experiments (Fig. 1c,d) . Interpretation of E-summer1 is complicated because the bottle without nutrient additions (L30_C) had also been exposed to lower irradiance than the others (L60_N). Taking into account the rapid growth observed in the L20_N bottles of E-summer2, which were incubated under lower irradiance than the L30 bottle of E-summer1, it seems likely that the limitation of growth in L30_C was due to nutrient exhaustion rather than light limitation, although this evidence is not conclusive due to an inadequate number of control bottles. E-summer2 did not last long enough to reach a stationary phase, but there was a clear effect of nutrient addition on the growth rate of the autotrophic community. In the spring experiments, nutrient treatments did not affect the response of heterotrophic flagellates as happened with the autotrophs. Only in the summer experiments were the population densities of heterotrophic flagellates higher in the nutrientamended bottles than in the control ones.
The molar ratios of the differences between final and initial POC and PON (ΔPOC:ΔPON) and final and initial particulate organic nitrogen and phosphorus (ΔPON:ΔPOP) resulting from the different experiments (M. Estrada et al. unpubl. data) were rather variable and difficult to interpret, partly because the changes in biomass were too small to make useful calculations in most treatments. However, examination of Table 3 reveals some intriguing questions regarding nutrient stoichiometry. Chl a increases were accompanied by POC, PON and POP production, although in the summer experiments, the PON increase was generally low relative to that of chl a (<1 mmol of PON per mg of chl a). However, in E-summer1, when chl a peaked at 43 mg m -3
, there appeared to be a marked drawdown of DIN, with a matching increase in PON. We don't have an explanation for the low PON to chl a ratios, but the lack of DIN consumption in some of the experiments suggests the likely presence of organic sources of N. The main possibilities include remineralization of DON, phagotrophy, direct utilization of DON by autotrophs, or a combination of all these processes (Kattner & Becker 1991 , Bronk et al. 2006 . We have no data on DON concentrations during our cruise leg, but measurements were carried out in different parts of the Beaufort Sea during the following legs (Simpson et al. 2008) at different periods between 13 May and 31 August 2004. Simpson et al. (2008) found that DON and DOP concentrations were elevated in surface waters during the phytoplankton bloom and postbloom phases, and attributed the relatively high (average of 5 mmol m -3
) and variable DON concentrations to the proximity of the Mackenzie River outflow. In a survey of nutrients and organic matter across the Mackenzie estuary in July to August 2004 , Emmerton et al. (2008 found DON concentrations of 17.1 mmol m -3 on the Mackenzie shelf, which are among the highest reported for the Arctic Ocean. Preferential use of DON at concentration levels similar to those measured by Simpson et al. (2008) or Emmerton et al. (2008) could explain the discrepancy in DIN drawdown and chl a and organic matter build-up. Other authors (Skoog et al. 2001) reported that DON was the largest fraction of total dissolved nitrogen in a region encompassing the Northeast Water Polynya. The importance of DON sources for Arctic phytoplankon was shown by Harrison et al. (1985) , who reported that urea accounted for as much as 80% of the nitrogen uptake in the eastern Canadian Arctic and by Fouilland et al. (2007) , who found that phytoplankton accounted for a larger fraction of urea uptake than heterotrophic bacteria. In contrast, DON sources appeared to play a smaller role in microcosm experiments carried out with phytoplankton communities of temperate waters, which showed a marked consumption of DIN (Granéli et al. 1999 , Estrada et al. 2003 . Another process affecting DIN and DON variability is bacterial activity, which was proposed by Tremblay et al. (2002) to explain a slight increase in the nitrate inventory between mid-June and mid-July in waters from below the mixed layer of the Baffin Bay Waters sector of the North Water Polynya. As discussed above, mixotrophy may also be important for chl a-containing flagellates in polar waters.
In our experiments, enclosure and provision of light during the ice-covered period of the year induced a series of fluctuations in populations of auto-and heterotrophic microbial groups. The sequence of events reflected initial cell losses of major autotrophic flagellate groups present in the inoculum, presumably caused by light and enclosure effects, followed by population peaks of some picoflagellate groups. The decline in these peaks appeared to be mainly due to microzooplankton predators, which showed population increases coinciding with autotrophic population decreases, since competition for light (there was no appreciable self-shading) or nutrients seemed unlikely. As noted above, the dominance of Pyramimonas sp. at the end of E-spring1 was possibly related to the lack of grazers of adequate size to control it. The response of the Arctic planktonic community in our spring experiments is different from that found in similar experiments in coastal temperate areas where, when nutrients are available, the typical outcome is an initial proliferation of diatoms, followed by other, slower-growing phytoplankton groups as found in our summer experiments (Estrada et al. 2003) . The lack of diatom growth in our spring incubations may have been due to the low abundance of typical bloom diatoms in our inocula. However, the delay in the start of microalgal biomass increase after the initial changes may reflect the combined effects of a lack of preadaptation of under-ice phytoplanton to the sudden increase of PAR, and strong predation control by microzooplankton. Very different population dynamics occurred in the summer experiments during the seasonal diatom bloom of the open waters. The chl a and nutrient changes in the L60_N treatments of E-summer1 suggest that the overall stagnation of autotrophic growth was linked to nutrient and perhaps light limitation, rather than to predation effects. In L30_C, where grazing by Difflugia sp.? and other consumers contributed to the demise of some autotrophic populations, low inorganic nutrient concentrations might have limited phytoplankton growth from the beginning of the experiment. We must note here that several phytoplankton groups showed some initial increase in the control treatments of our summer experiments, although nutrient concentrations were the same as those in situ. This is a general observation in microcosm experiments (Estrada et al. 2003) when available nutrients in the medium (or in cellular reserves) allow it. The reasons are not completely clear but are likely to involve various combinations of reduced physical dispersion losses, improved light regime due to absence of deep mixing, and changes in predation pressure linked to the exclusion of relatively large grazers.
Our experiments show that enclosure and provision of sufficient light to the under-ice microbial community induced a 2 wk period of complex community changes followed by an exponential increase in some autotrophic nanoflagellate populations and in chl a concentration. Nutrient additions did not affect the net rate of phytoplankton accumulation. These results reveal a tight adaptation of the microbial community of under-ice waters to the ecological conditions of this environment. 
